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ABSTRACT

Although molecular and physical mechanisms of fibroblast matrix assembly have been widely investigated,
the role of adhesive ligand presentation on matrix assembly has only been recently probed (Pereira et al.
Tissue Eng., 2007). In the present study, various-sized albumin-derived nanocarriers (ANCs) were fab-
ricated as nanoscale organization units for functionalization with the cell adhesion domain of fibronec-
tin. The adhesion, morphology, and matrix assembly of human dermal fibroblasts were compared on
substrate-deposited, ligand-ANCs of varying size. At early time points, fibroblast attachment, stress fiber
formation, and spreading were higher on functionalized, larger-sized carriers than on smaller carriers.
Matrix assembly was greatest at the highest ligand density on larger nanocarriers but was undetectable at
the same ligand density on smaller carriers. Tracking of fluorophore-encapsulated ANCs showed that
larger carriers were displaced less than smaller carriers and that atomic force microscopy of ligand-ANCs
binding to adherent cells demonstrated that the larger ligand-ANCs required larger dissociation forces.
Taken together, these data suggest that the greater inertia of larger adhesive nanocarriers may generate
more cellular tension, which in turn, promotes up-regulation of matrix assembly. Thus, the size of the
nanocarrier and the density of ligand on that nanocarrier combine to dictate the early kinetics of fibroblast
matrix assembly. These insights may be useful for understanding cell–matrix interactions, as well as for
development of bioactive materials with defined cell-adhesive activities such as wound repair and matrix
remodeling events.

INTRODUCTION

PROPER REPAIR of tissue after injury depends on correct

wound healing, a multistage process that involves dif-

ferent cell types for each step.1,2 Wound healing is char-

acterized by three overlapping phases: inflammation, tissue

formation, and tissue remodeling.3,4 One key event during

tissue formation involves fibroblasts invading the wound

space composed largely of fibrin and fibronectin, termed

the provisional matrix.5–7 Once the fibroblasts populate the

wound site, they produce a provisional secondary extracel-

lularmatrix, consisting primarily of fibronectin, tenascin, and

hyaluronan,8–10 which begins the formation of granulation

tissue. This newly synthesized secondary matrix directs re-

pair by supporting and regulating functions of cells recruited

to the wound site including cell proliferation, migration, and

angiogenesis.11 Eventually, collagen is deposited and the

new matrix is further remodeled and contracted.12

Given the critical role that fibroblasts play in creating the

matrix, it is important to understand what drives fibronectin

secretion and assembly of fibrils. The provisional matrix

initially used by fibroblasts can have a positive or negative

effect on their ability to function. Growth factors and pro-

visional matrix proteins guide the migration of fibroblasts

into the wound bed,13,14 where fibroblasts secrete and as-

semble new fibronectin-rich matrix.15 Fibrillar fibronectin
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assembly depends on fibronectin–integrin interactions.16

First, the a5b1 integrin receptor binds to fibronectin at

the III9-10 cell-binding site encompassing the synergy se-

quence located in the 9th type III repeat17,18 and the adjacent

arginine-glycine-aspartate (RGD) cell-binding sequence in

the 10th type III repeat.19,20 This interaction induces mo-

lecular events that reorganize the actin cytoskeleton and

activate signaling complexes, leading to the elongation

and stretching of fibronectin from its compact form.

Finally, fibronectin–fibronectin interactions lead to fibril

formation.

The cytoskeleton plays a critical role during matrix as-

sembly. Activation of Rho GTPases stimulates actin filament

reorganization and fibronectin fibril formation.21 Biochem-

ical approaches have been used to modulate the cytoskeleton

to promote assembly of fibronectin fibrils. Serum-containing

medium, as opposed to serum-free media, has been shown to

promote matrix assembly because of the multiple cues, such

as growth factors, soluble fibronectin, and lysophosphatidic

acid,22–25 and addition of microtubule-destabilizing agents

to medium, such as nocodazole, promotes stress fibers and

contraction.24 Fibroblasts also respond to spatial and me-

chanical inputs from substrate dimensionality and rigidity by

changes in cell contractility and matrix assembly.26–28 In

these studies, cell-associated matrix assembly was greater in

three-dimensional substrates than in two-dimensional sub-

strates. The degree of rigidity of the substrate, which influ-

ences the ability of the cell to contract the substrate, has been

shown to play a role in matrix assembly, where rigid sub-

strates promote better cell attachment, and allow the cells to

elongate and contract, leading to greater quantities of matrix

assembly thanwith compliant substrates.We recently showed

that the organization of cell-adhesive nanoscale carriers pro-

motes integrin-mediated fibronectin matrix assembly through

a mechanism that depends on nanocarrier surface mobility.29

In the present work, we explored the albumin-derived nano-

carrier (ANC) properties that regulate fibronectin matrix as-

sembly. We hypothesized that, although the presentation of

the extracellular ligand on the nanocarrier would modify the

display and overall organization of the ligand, varying the

size of the nanocarrier would result in different levels of

cytoskeletal tension, which would lead to different degrees of

matrix assembly. Our results identify the optimal nanocarrier

size and ligand display parameters to promote cell attachment

events and enhance matrix assembly. Such nanoscale inter-

faces can be an effective platform to alter the presentation of

ligands and enhance ligand-based activation of the matrix

remodeling that accompanies wound healing.

MATERIALS AND METHODS

Preparation, purification, and characterization

of ANCs

ANCs were fabricated and functionalized as previously

described.30 Human serum albumin (30% (w/v); Sigma,

St. Louis, MO) was diluted to 1% with phosphate buffered

saline (PBS) and passed through a 0.22-mm filter (Fisher,

Pittsburgh, PA) to remove potential aggregates of albumin.

The pH of the albumin solution was raised to 10.65 with

0.1N sodium hydroxide and heated to 808C for 10min. After

cooling to 258C in an ice bath, the solution was kept at room

temperature for 10min and the pH lowered to 6.04 with

0.1N hydrochloric acid. The albumin solution was heated to

378C and stirred to allow the self-assembly of albumin

chains through intermolecular disulfide bonding.31,32 Further

reaction and aggregation were stopped by deactivating

the remaining thiol groups by incubating with 0.1% (w/v)

iodoacetamide (Sigma) for 1 h at room temperature. Mono-

meric albumin (66 kDa) was removed from the prepara-

tion using dialysis (molecular weight cut-off (MWCO)

100 kDa) against PBS. The buffer was changed twice after

2 h before final dialysis at 48C overnight. After recovery

from dialysis, albumin aggregates larger than 200 nm were

removed from nanocarrier preparations by passage through

a 0.2 mm filter. To characterize the kinetics of formation,

samples were taken after 5, 10, 15, and 20min of stirring

at 378C and analyzed using dynamic light scattering and

atomic force microscopy. A PSS Nicomp 380 submicron

particle sizer instrument (Santa Barbara, CA) with an argon

ion laser at 532 nm was used for dynamic light scattering

analysis.

Preparation of ligand-conjugated

albumin nanocarriers

Glutathione-S-transferase (GST) fusion protein (the GST-

FNIII9-10 fragment) was prepared, purified, and conjugated

using bioconjugation methods previously described by

us.29,30 Briefly, the protein was synthesized by transforming

Escherichia coli cells transformed with the GST-FNIII9-10
construct, and fusion proteins were separated from bacterial

lysates using glutathione–sepharose affinity chromatography

(GE Healthcare, Piscataway, NJ) following the manufactur-

er’s recommendations. GST-FNIII9-10 fragments and the

various sized ANCs (1mg and 2mg, respectively) were

separately reacted with N-succinimidyl 3-(2-pyridyldithio)-

propionate, and the by-products of the reaction were removed

using dialysis (MWCO 6kDa) against PBS. Next, dithio-

threitol (DTT) was added to the recombinant fragment and

purified from excess DTT using dialysis (MWCO 6kDa).

Total protein recovered from dialysis was quantified for the

ANC and the GST-FNIII9-10 fragment using bicinchoninic

acid protein assay (Pierce, Rockford, IL). Finally, 100mg of

reactive nanocarrier of various sizes (30, 50, 100, and 125 nm

ANC-pyridyl disulfide (PD)) and varying mass of ligand-SH

(1, 10, or 100mg) were incubated together at room tempera-

ture for 6 h to conjugate the GST-FNIII9-10 fragment to the

surface of the carrier. Excess GST-FNIII9-10 fragment

not consumed in the conjugation reaction was removed from

the conjugation products using dialysis (MWCO 100 kDa)

against PBS.
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Interfacial characterization of GST- FNIII9-10–ANC

adsorbed on substrates

Levels of GST-FNIII9-10 conjugated to ANC were deter-

mined using enzyme-linked immunosorbent assay (ELISA).

An ELISA for albumin was performed simultaneously

for normalization of GST-FNIII9-10 levels. Briefly, GST-

FNIII9-10–ANC and standards of recombinant GST (Lake

Placid, NY) or albumin (Sigma) were adsorbed onto

coverglass-bottom 96-well plates (Nunc, Rochester, NY)

overnight at 48C. Recombinant GST standards were made

by diluting stock recombinant GST (1mg/mL) to 10mg/mL

with PBS and serially diluting with PBS. At the same time,

GST- FNIII9-10 at 4mg/mL was serially diluted with one part

GST- FNIII9-10 and one part PBS, and these various dilutions

were adsorbed onto the well plates. Albumin standards were

made by serially diluting stock albumin (300mg/mL) with

PBS. Wells were washed three times with PBS to remove

unbound ligand and incubated with blocking buffer (1�
PBS, 3% nonfat dry-milk) for 1 h at 378C. After washing
three times with PBS, substrates were incubated with rabbit

anti-GST (70 ng/mL) (Sigma) or horseradish peroxidase–

conjugated rabbit antialbumin (1:2500 dilution) (MP Bio-

medicals, Irvine, CA) for 1 h at 378C. Wells incubated with

anti-GST primary antibody were washed and further reacted

with an appropriate horseradish peroxidase–conjugated goat

antirabbit antibody (1:40,000) (Sigma) for 1 h at 378C.
Sigma-FAST OPD tablets (Sigma) were used according to

the manufacturer’s protocol as a substrate for the detection

of peroxidase activity. The color reaction was developed for

30min and absorbance read at 450 nm on a multi-well plate

reader. The absorbance reading of the GST-FNIII9-10-ANC

was used to calculate the concentration of GST-FNIII9-10
required to obtain an equivalent level of GST-FNIII9-10
adsorbed using linear regression with the standard curve of

GST-FNIII9-10 absorbances. The levels of GST-FNIII9-10
conjugated to ANC were obtained using linear regression

using a standard curve of recombinant GST absorbances.

Values for GST-FNIII9-10 conjugated to the nanocarrier

were normalized to albumin. To examine the role of mo-

bility of our ligand through differential presentation, ligand

and ligand–nanocarrier were immobilized to the surface

using oxygen plasma pretreatment (March Plasma Inc,

60 s, 50 W, 670 mTorr oxygen) before ligand and ligand–

nanocarrier deposition. Isotherms were established as

described above.

ELISAs were also conducted to examine exposure of

GST-FNIII9-10 cell-binding domains as a function of ligand

nanodisplay for passively adsorbed and immobilized sub-

strates. Equivalent amounts of GST-FNIII9-10 derived from

GST ELISA isotherms were adsorbed on maxisorp 96-well

plates overnight at 48C. The surfaces were washed and

blocked for 1 h at 378C. Substrates were washed again and

incubated with the primary antibody specific for the cell-

binding domain in fibronectin (Clone 3E3; Chemicon

International, Temecula, CA) for 1 h, followed by 1 h incu-

bation with horseradish peroxidase–conjugated goat anti-

mouse immunoglobulin (Ig)G (Sigma). Peroxidase activity

was detected as described above.

Cell culture

Human foreskin fibroblasts were kindly provided by

Patricia Simpson-Haidaris (University of Rochester, Ro-

chester, NY). Fibroblasts were cultured in McCoy’s 5 A

medium (Invitrogen, Chicago, IL) supplemented with 1%

penicillin/streptomycin (Biowhitaker, Walkersville, MD),

2mM L-glutamine (Invitrogen), and 10% fetal bovine se-

rum. For all assays, fibroblasts were washed with PBS, and

medium was replaced with serum-free medium supple-

mented with the above supplements.

Imaging and semi-quantitative analysis

of fibronectin matrix assembly

Matrix assembly was analyzed as a function of ligand

carrier size and ligand density. Substrates with equal lev-

els of ligand but differential presentation were adsorbed in

8-well Labtek chamber slides overnight at 48C. Substrates
were then washed generously with PBS and blocked with

bovine serum albumin (BSA) for 1 h at 378C. To isolate the

serum-independent matrix assembly behavior of cells, fi-

broblasts were serum-starved 12 h before trypsinization and

re-plated at a density of 35,000 cells per well in serum-free

medium. Cells were then cultured for 24 h at 378C with 5%

carbon dioxide (CO2). After 24 h of incubation, medium

was removed, and substrates were washed with Dulbecco’s

PBS (DPBS) with calcium and magnesium. Cells were

fixed with 1% formaldehyde for 9min and washed with

DPBS with calcium and magnesium. Cells were permeabi-

lized with Triton-X 100 for 15min, washed with DPBS with

calcium andmagnesium, and blockedwith 1%BSA for 1 h at

378C. Substrates were washed, and primary antibody IST-4

(Sigma) for fibronectin that binds to the 5th type III repeat of

human plasma fibronectin was incubated at a 1:100 dilution

in PBS overnight at 48C. Substrates were washed and in-

cubated with fluorescein isothiocyanate (FITC)-conjugated

donkey antimouse IgG (Jackson Immunolabs, West Grove,

PA) at a 1:200 dilution for 30min at room temperature and

were then washed and incubated with Texas-red phalloidin

(Molecular Probes, Eugene, OR) for 20min at room tem-

perature. Substrates were washed and stored at 48C until

image acquisition. Images were acquired using a Leica TCS

SP/2 confocal microscope with a 63�objective, zoom 1.

For conditions eliciting the highest levels of matrix as-

sembly, substrates were plasma treated with 60% oxygen

and 670mTorr pressure with a plasma generator (March

Plasma Systems, Concord, CA), and ligand was immediately

deposited on treated substrates. The effect of medium pre-

sentation of ligand, as opposed to surface-adsorbed ligand,

was examined by seeding cells on Labtek chamber slides for

2 h and then adding ligand-ANC to the medium. Cells were

NANOSCALE VARIATION FOR ENGINEERING MATRIX ASSEMBLY 1239
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then cultured for 24 h at 378C with 5% CO2. The effect of

serum on matrix assembly for certain conditions was ex-

amined by culturing cells on substrates as described above

without serum deprivation. As a control, whole-length

mouse fibronectin (Innovative Research, Southfield, MI)

was adsorbed at 10mg/mL overnight at 48C, and fibroblasts

were seeded in serum-free medium.

Quantitation of fibronectin matrix assembly

The extent of assembly of cell-derived fibronectin matrix

was quantified using ELISA. Substrate conditions where the

most amount of matrix assembly was visualized after 24 h in

culture were prepared as described above, along with the

corresponding immobilized substrate conditions and un-

functionalized carriers. At the same time, a standard curve

of whole-length fibronectin, ranging from 0 to 10 mg/mL

diluted 10 times with PBS was adsorbed in triplicate. Cells

were deposited on substrates for 24 h at 378C with 5% CO2

and washed three times at the end of the incubation period.

Cells were lyzed as previously described27 using lysis buffer

composed of 8mM disodium hydrogen phosphate dodeca-

hydrate at pH 9.6 and 1% NP-40 for 15min at 378C. The
solution was then removed and replaced with fresh lysis

buffer and the incubation continued for an additional 60min.

Substrates were then washed, and an ELISA was performed

by blocking substrates and the standard curve with 1% BSA

for 1 h at 378C and washing it three times. Next, the primary

antibody (IST-4) at a concentration of 1:1,000 was incubated

at 378C for 1 h and washed off, followed by incubation of the

secondary antibody, goat antimouse conjugated with horse-

radish peroxidase at a concentration of 1:10,000 (Sigma) for

1 h at 378C. Sigma-FAST OPD tablets (Sigma) were used

according to the manufacturer’s protocol as a substrate for

the detection of peroxidase activity. The color reaction was

developed for 30min and absorbance read at 450 nm on a

multi-well plate reader. The absorbance reading of the fibro-

nectin standard curve (similarly based on the IST-4 binding

activity) was used to determine an equivalent bulk concen-

tration level of fibronectin assembled.

Cell attachment

To quantify cell attachment to ligand-ANC, 96-well

nontissue culture dishes were passively coated overnight at

48C with varying ligand densities and presentations as de-

scribed above. Wells were washed with PBS and blocked

with 1% BSA. After washing, fibroblasts were seeded at

25,000 cells/well and incubated for 1 h at 378C with 5%

CO2. Substrates were washed with PBS to remove unbound

cells. Adhered cells were quantified using the hexosamini-

dase assay.33 Briefly, a substrate mixture composed of 1 part

0.5% Triton-X 100 and 1 part 7.5mM b-nitrophenyl N-
acetyl b-D glucosaminide (Sigma) in 0.1M citrate buffer

(pH 5.0) was added to each well and incubated for 90min at

378C. The reaction was terminated with a mixture of 50mM

glycine (Sigma) and 5mM ethylenediaminetetraacetic acid

(Sigma) (pH 10.4). The absorbance was read at 405 nm on

a multi-well plate reader.

Cell morphology

Cell morphology was examined as a function of differ-

ential ligand presentation and nanocarrier size at two time

points. Passively adsorbed substrates were prepared as de-

scribed above. Fibroblasts that were serum deprived for 12 h

were seeded in serum-free medium for 1 or 5 h at 378C with

5% CO2. Substrates were washed after the designated in-

cubation time and fixed with 3.7% formaldehyde for 15min

at room temperature. Substrates were washed again and

permeabilized with Triton-X 100 for 15min at room tem-

perature. Substrates were washed, blocked with 1% BSA for

15min at room temperature, washed again, and stained with

FITC phalloidin (Molecular Probes) for 20min. Substrates

were washed and stored at 48C until image acquisition.

Images were acquired with a Leica TCS SP/2 at 63�.

Displacement of Fnf—ANC during Fibroblast

Contraction

The possible cell-engendered translocation of ligand-

ANCs was tracked by encapsulating a fluorescent probe

within the ANCs. Briefly, albumin was denatured as de-

scribed above. Before the solutionwas stirred, 10 mg ofAlexa
Fluor 488 (Molecular Probes) was added to the solution.

The solution was then stirred to create nanocarriers and

processed as described above. Various sized functionalized

nanocarriers were adsorbed onto substrates such that the

fluorescently labeled nanocarriers were diluted 1:1000 with

unlabeled functionalized nanocarriers. Substrates were then

washed and fibroblasts seeded at 2800 cells/cm2. Cells were

incubated for 1 h at 378C with 5% CO2, and image acqui-

sition was performed on a Carl Zeiss LSM410 microscope

every 45min. At each time point, a fluorescent image and a

phase contrast image were acquired. Images were merged,

and the distance traveled was calculated by tracking the

mobile nanocarriers over 6 h of image acquisition. Only

carriers that were located at the edge of the cell at the initial

time-lapse sequence were tracked, ensuring that cell-bound

carriers were considered. For each experiment and condi-

tion, at least 15 carriers were tracked, and carrier displace-

ment per time was averaged.

Quantitation of force curves between cells

and ligand-ANC substrates

The force of interaction between cells and ligand-ANCs

was evaluated using atomic force microscopy operating in

fluid immersion mode. Silicon nitride cantilevers (Veeco

Metrology, Santa Barbara, CA) were incubated overnight at

48C with the appropriate ligand-ANC solutions of variable

ANC sizes and ligand concentrations (0 and 2.2 mg/cm2).

Functionalized cantilevers were then washed with PBS and
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blocked with 1% BSA for 1 h at 37C and washed again with

PBS. The presence of ANCs was confirmed separately using

scanning electron microscopy (data not shown). Fibroblasts

were seeded at a density of 2800 cells/cm2 onto clean glass

slides and incubated for 1 h at 378C with 5% CO2 in serum-

free medium. The ligand-adsorbed cantilever tip was al-

lowed to carefully approach the surface of the peripheral

regions of individual fibroblasts while maintaining a con-

stant force of 0.38N/m using an atomic force microscope

(Digital Instruments Nanoscope IIIa, Santa Barbara, CA)

under tapping mode. A force curve between the ligand—

ANC–adsorbed cantilever and the cell was generated by

oscillating the tip at 1Hz. As the tip oscillated, the cantile-

ver deflection from the photodiode was monitored, gener-

ating a force curve between the ligand-ANC–adsorbed

cantilever tip and the cell on the glass slide. The force curve

was a plot of the cantilever deflection signal as a function of

the voltage applied to the piezo tube. The force was calcu-

lated as F¼�kx, where k is the force constant of the spring,

and x is the distance from the control point in nanometers.

Each condition was examined in triplicate, and for each

condition, force curves were generated on three to five dif-

ferent cells.

Statistics

Each experiment was performed at least twice, and

at least two replicate samples were analyzed in each

experiment and then analyzed using analysis of variance

(ANOVA). Significance criteria assumed a 95% confidence

level ( p< 0.05). Standard error around the mean is reported

in the final data.

RESULTS

Characterization of the ANC substrates

Different sized ANCs were synthesized by adjusting the

mixing time during self-assembly. Dynamic light-scattering

data show that four distinct, relatively homogeneous pop-

ulations of ANCs were fabricated and ranged in average

diameter from 30 to 125 nm (Fig. 1A). Atomic force mi-

croscopy was previously used to validate the size mea-

surements from dynamic light scattering and revealed a

near-spherical geometry.30 ANCs were functionalized with

a protein composed of GST fused to the III9-10 cell binding

domain of fibronectin (termed Fnf). To quantify the amount

of Fnf conjugated to ANCs, equivalent amounts of nano-

carriers were adsorbed onto surfaces, and an ELISA was

performed with an anti-GST antibody (Fig. 1B). The results

show that, by varying the amount of protein reacted with

a fixed mass of nanocarriers, three different ligand-ANC

preparations of 2.2, 1.3, and 0.4 mg/cm2 were established

for each nanocarrier size based on surface area of the well

(Fig. 1B). The density of the functionalized ligand on the

surface of the well plate (the substrate) was not appre-

ciably affected by the size of the nanocarrier but was

largely influenced by the initial amount of ligand reacted

with the nanocarrier. These isotherms for functionalized

ligand-equivalents were normalized against albumin iso-

therms, quantified with an ELISA for ligand-ANCs adsorbed

on surfaces and compared with a standard curve of albumin

(Fig. 1C). ELISAs for cell-binding domain exposure indi-

cated that exposure was not different on different-sized

carriers (data not shown).

Fibronectin matrix assembly is larger

on larger ANCs

Cell adhesion and cytoskeletal organization are required

steps in matrix assembly. To determine the role of ligand

density and presentation in this process, immunofluores-

cence was performed on cells plated on different ligand-

ANCs. Using ANCs with the highest ligand density, we

observed a correlation between numbers of assembled fi-

bronectin fibrils and nanocarrier size; 100- and 125-nm

ANCs supported fibril formation detectable by 24 h (Fig. 2A,

left column), with more prominent fibronectin matrix fibrils

after 48 h (Fig. 2A, middle column). On smaller carriers or

on adsorbed Fnf alone, occasional short fibrils were de-

tected, but most of the fibronectin staining appeared to be

intracellular. To examine the influence of nanocarrier size

and ligand concentration on cell-engendered nanocarrier

mobilization, substrates were oxygen plasma treated before

ligand-ANC seeding to immobilize the nanocarriers. The

plasma treatment ‘‘activates’’ the surface by introducing

oxygen moieties to the surface before ligand deposition.

Once deposited, the differentially presented ligand is cou-

pled to the surface.34 Because the plasma treatment proce-

dure declines with time if the added groups are not used,35,36

protein was deposited within minutes of the treatment. Cells

extended more membrane projections on immobilized na-

nocarriers, and fewer fibronectin fibrils were detected (Fig.

2A, right column). Fibril densities were more than 10 times

greater on 100- and 125-nm carriers than on smaller ANCs.

These results show that nanocarrier size is an important ef-

fector of fibronectin matrix assembly. At lower ligand den-

sities, there was no detectable assembly of matrix regardless

of ligand presentation, and fibrils were not seen on un-

functionalized ANCs or on control substrates adsorbed with

whole-length mouse fibronectin (data not shown). We ex-

amined whether ligation of integrins to ligand-ANCs was

sufficient to induce matrix assembly by supplementing the

medium with ligand-ANC as opposed to adsorbing the

ligand-ANC directly to the surface. Here, matrix assembly

was not evident. Comparing matrix assembly using immu-

nochemistry techniques on the assembled matrix by cells

after 24 h in culture at the highest ligand loading with that

on unfunctionalized carriers indicated a distinguishable dif-

ference in fibronectin assembled between different-sized

carriers at the highest ligand loading (Fig. 2B). Analysis

revealed a 22% increase of fibronectin matrix assembled.

NANOSCALE VARIATION FOR ENGINEERING MATRIX ASSEMBLY 1241
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Fibroblasts cultured on smaller-sized carriers (30 and 50 nm)

and unfunctionalized carriers assembled negligible amounts

of fibronectin.

Nanocarrier size controls cell attachment

and morphology

To examine whether the nanoscale presentation of ligand

could alter initial cell binding and attachment events, equal

numbers of fibroblasts were seeded in parallel on substrates

of three different ligand densities with different presentations

(Fig. 3A). Cell attachment was greater with greater ligand

density. For a specific ligand density, the highest degree of

attachment was seen on the largest nanocarrier (125 nm).

Significant attachment, but to a lesser degree, was also ob-

served on the 100-nm nanocarrier and on the ligand-only

substrate, both distinguishable from each other when ana-

lyzed using ANOVA. On 30- and 50-nm carriers, attachment

was similarly low.

The effects of ligand presentation on cytoskeletal orga-

nization were examined by staining for F-actin at different

time points (Fig. 3B). Cells on larger ligand-ANCs began

FIG. 1. (A) Albumin-derived nanocarriers (ANCs) were fabricated through self-assembly processes after denaturation via changes in pH

and temperature. Sizes of nanocarriers at different mixing times were determined using dynamic light scattering. Inset is the average size of

ANCs from three different batches. (B) ANCs are functionalized with ligands by reactin ANCs with cross-linker and reacting the ANCs

that have been treated with cross-linker with ligand that had its amino group displaced and replaced with a thiol group as described in the

text. The mass of ANCs was held constant, and increasing amounts of ligand were functionalized on various sized carriers. Substrates were

adsorbed with ligand-ANCs at various loadings, with a standard curve for the ligand and then probed using enzyme-linked immunosorbent

assay (ELISA) via antibody for glutathione-S-transferase. The amount of ligand conjugated to ANCs at each ratio was calculated by

determining the concentration from the standard curve, multiplying by the volume added, and dividing by the area of the well plate. Error

bars represent standard error around the mean. Ligand coverage increases with increasing amount of ligand reacted with ANCs. Inset:

standard curve on which calculations are based for one experiment. (C) Ligand isotherms were normalized to albumin isotherms.

Substrates were adsorbed with various sized nanocarriers and ligand loadings with a standard curve for albumin and were then probed with

ELISA against albumin. Differentially sized carriers did not appreciably alter the net amount of albumin coverage on the surface. Unless

stated, all results represent average of three experiments performed in duplicate with the standard error plotted around the mean.

1242 SHARMA ET AL.

D
ow

nl
oa

de
d 

by
 R

U
T

G
E

R
S 

U
N

IV
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

4/
23

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



FIG. 2. Greater ligand concentration and albumin-derived nanocarrier (ANC) size promote the cell assembly of fibronectin matrix.

(A) Human foreskin fibroblasts were serum-starved overnight and seeded on substrates with ligand at 2.2 mg/cm2 for 24 h (left column)

or 48 h (middle column). After the designated time point, cells were fixed, permeabilized, and processed for immunofluorescence.

Matrix fibrils were visualized using a monoclonal mouse antihuman fibronectin epitope located within domain 5 of the type III repeats,

followed by fluorescein isothiocyanate–conjugated secondary antibody. Cells were also stained for F-actin with Texas Red phalloidin.

Longer culture time allowed cells seeded on smaller carriers to elongate and contract, yet matrix assembly still did not commence,

whereas larger carriers not only assembled more matrix, but also became contracted. The influence of ligand-carrier mobility on matrix

assembly was evaluated by immobilizing the carriers with plasma treatment before cell seeding (right column). Cells were cultured on

substrates for 24 h and fixed, permeabilized, blocked, and stained for immunofluorescence as described above. Images were acquired at

63�, zoom 1. F-actin labeling with rhodamine-phalloidin reveals that cells were not as elongated on the immobilized carriers. Im-

munolabeling of fibronectin demonstrated that matrix assembly did not occur when carriers were not mobile. Bar¼ 20 mm. (B) Extent of

matrix assembly was quantified using enzyme-linked immunosorbent assay (ELISA) techniques. Cells were cultured on substrates, as

described in the text, with a standard curve of fibronectin, and lyzed to leave behind the assembled matrix. Substrates were then blocked

and incubated with antihuman fibronectin for domain 5 of the type III repeats, followed by enzyme-linked secondary antibody. Values

of ELISA absorbance were derived by back-calculating the concentration based on the standard curve of whole length fibronectin.

*Statistical significance according to analysis of variance analysis when experiments were conducted in duplicate three times ( p< 0.05).

In summary, greater levels of fibronectin matrix was assembled on substrates with larger nanocarriers.
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FIG. 3. Nanoscale presentation of ligand elicits differential early cell adhesion and morphogenesis. (A) Substrates with various sized

albumin-derived nanocarriers (ANCs) and ligand densities were prepared as described in the text, and equal numbers of cells were

seeded on surfaces with equal amounts of fibronectin fragments that were differentially presented to the cells as ligand adsorbed or via

various sized ANCs. Cells were incubated for 1 h, unbound cells were washed, and the number of adherent cells was quantified using the

hexosaminidase assay. The number of cells attached to each surface was normalized to the condition with the highest attachment

(2.2 mg/cm2 on 125 nm Fnf–ANC). Cell attachment was greater with larger ANC size and ligand density. Attachment was better on

larger ANCs (100 nm and 125 nm) than on the fibronectin fragment alone. *Statistical significance according to analysis of variance

when experiments were conducted in duplicate three times ( p< 0.05). (B) Cell morphology was examined for fibroblasts cultured at the

optimal ligand density for cell attachment (2.2 mg/cm2) for 1 and 5 h. Cells were then washed, fixed, permeabilized, and stained with

phalloidin. Images were acquired at 63�, zoom 1. Spreading occurred earlier on larger carriers (125-nm ANCs) than on smaller ones. By

5 h, cells had spread in all ligand-ANC conditions, but fibroblasts on larger ANCs were more elongated and exhibited more stress fibers.

No attached cells were observed after 1 or 5 h of incubation, followed by rinsing, for the unfunctionalized substrate or the unfunc-

tionalized nanocarriers (data not shown). Spreading on the fibronectin fragment was qualitatively comparable with that on the whole-

length fibronectin (data not shown). Bar¼ 20mm.
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to exhibit stress fibers as early as 1 h postseeding. Cells

cultured on ligand-adsorbed substrates had some filopodial

projections after 1 h in culture, whereas those on smaller,

functionalized carriers remained rounded with restricted

spreading. When the culture time was extended to 5 h, cells

on all substrates appeared well spread, with well-defined

stress fibers, although cells on ligand-functionalized nano-

carriers appeared somewhat more elongated. Cells plated

on unfunctionalized controls did not attach. These results

show that cell attachment and cytoskeletal organization oc-

cur more rapidly (within 1 h) on larger carriers than on

smaller ones.

FIG. 4. The role of albumin-derived nanocarrier (ANC) size onmatrix assembly. (A) To examine howANC size can affect movement of

ligand-ANCs, fluorescent ligand-ANCs were diluted with unlabeled ligand-ANCs and adsorbed as described in the text to visualize

individual ligand-ANCs. Representative overlay images of fluorescent ligand-ANCs (green) and fibroblasts at two time points during the

time lapse tracking on fluorescently labeled ANCs. Top row represents 30min post-seeding with arrow pointing out one fluorescent ligand-

ANC at an initial time point. Bottom row represents 3 h post-seeding with a dashed line to provide references for comparison relative to

initial time point and arrow indicating the location of the fluorescent ligand-ANC after 3 h of incubation with cells. (B) Tracking and

quantification of particle movements for the various conditions revealed that carrier mobility was lower with larger carrier size. Data

represent the mean from three different experiments, with 15 carriers tracked from different cells per condition in each experiment. Error

bars represent standard error. *Statistical significance according to analysis of variance analysis ( p< 0.05). (C) Atomic force microscopy

of differentially sized ligand-ANCs. To gain quantitative insights into the force required to displace ligand-ANCs of various sizes, various

sized ligand-ANCs (30, 50, 100, and 125 nm) were functionalized to silicon nitride cantilevers by adsorbing overnight, and unbound

ligand-ANCs were washed off. Force curves between derivatized cantilevers with a spring constant of 0.38N/m and fibroblasts were

generated in the fluid phase. As functionalized carrier size increased, the force between the cell and the cantilever also increased, indicating

it was harder to disrupt the bond between the cell and the cantilever. No change in force was observed with unfunctionalized carriers.

Overall, ANC size can influence detachment of ligand-ANCs from cantilevers adsorbed with ligand-ANCs. Color images available online

at www.liebertpub.com/ten.
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Variably sized ANCs exhibit differential

cell-mediated mobility

Previous studies examining epithelial cell response to

ANCs have demonstrated that the ligand–nanocarriers ex-

hibit significant dynamics after cell binding.30 Parallel time-

lapse studies of the displacement rates of fluorescently

labeled nanocarriers without plasma immobilization re-

vealed that cells displaced smaller carriers further than

larger ones over the first 6 h after seeding (Fig. 4A, B).

Displacement rates (speed) varied about seven times be-

tween the smallest and largest ANCs. Transmitted images

taken in parallel showed that fibroblasts on smaller func-

tionalized carriers were round at 30min but by 3 h began to

spread and reached an elongated morphology (Fig. 4A).

Cells on larger functionalized carriers were already spread at

the first time point and appeared contracted and elongated by

the end. Thus ligand-ANC mobility is inversely correlated

with cell spreading and matrix assembly.

Variably sized ANCs require differential forces

for cell-mediated mobilization

We hypothesized that nanocarrier size could modulate the

degree of ligand-ANC translocation and that, to achieve

translocation of larger ANCs, the cells must exert greater

forces to overcome greater inertia from the larger carriers.

To quantify the effect of carrier size on translocation of

ligand-ANCs, silicon nitride cantilevers were functionalized

with ligand-ANCs and brought into contact with fibroblasts

that were cultured on glass slides. Force curves between

various-sized ligand-ANCs at the highest ligand density

and fibroblasts indicate that larger forces are generated in

the cantilever during detachment between single adherent

fibroblasts and the tips functionalized with larger ligand-

ANCs than the forces between cells and smaller ligand-

carriers (Fig. 4C). Unfunctionalized carriers exhibited small

forces that were distinguishable from each other. Through

tip-based ligand-specific ELISAs, we estimated that there is

not a significant variation in ligand concentration on carri-

ers of different sizes (30 and 100 nm), although different

levels of ligands functionalized to differentially sized ANCs

did not sensitively influence the force of ANC detachment

from the tip (see inset in Figure 4C).

DISCUSSION

This study examined the role of nanoscale-engineered

interfaces as a tool for regulating matrix assembly of fibro-

nectin fibrils, a key step in the engineering of extracellular

matrix. Our key findings are that the carrier size for ligand

functionalization can modulate early cell binding and at-

tachment events to the substrate, ligand density and nano-

carrier size can dictate matrix assembly, and the mobility of

the ligand-functionalized nanocarriers is an important de-

terminant of matrix assembly.

Nanoscale substrates for presentation

of adhesion ligand

We have previously reported on substrates based on

ANCs to engineer cell motility and matrix assembly.29,30

Albumin was chosen to create a family of various-sized

nanocarriers because it is easily functionalized with the

ligand of interest, is biodegradable in vivo, has a high level

of biocompatibility, and allows effective exposure of ad-

hesion ligands against a relatively inert background. Using

immunosorbance techniques, we have demonstrated that

nanocarrier size does not affect the concentration of ligand

conjugated on differentially sized ANCs, measured in mass

of ligand per unit area of the well, which depends solely on

the amount of ligand in the initial reaction. Similarly,

neither the presence of the ligand on the nanocarrier nor

increasing ligand density on the nanocarrier altered the

amount of albumin per unit area of the well.

By establishing adsorption isotherms, we could differen-

tially control the presentation of the ligand on the ANC by

determining the bulk concentrations of ligand and ligand-

ANC required to have equivalent net concentrations. Matrix

assembly studies were then conducted on surfaces with

different ligand concentrations and nanocarrier sizes. To

isolate the influence of the ligand presentation from ANC

substrate on matrix assembly, experiments were conducted

in a serum-free medium that supported comparable levels

of cell viability as examined using ethidium homodimer

labeling37 (data not shown). Serum-supplemented media

may contain lysophosphatidic acids, which would promote

matrix assembly by inducing contraction, and soluble fi-

bronectin.24,25 Control experiments with 30- and 100-nm

ligand-functionalized nanocarriers in serum containing

medium reveal copious amounts of matrix assembly with

indiscernible differences between the amounts of different-

sized substrates (data not shown), further requiring the need

to conduct studies of substrate-based approaches for matrix

assembly in a serum-free system. In the serum-free envi-

ronment, cells rely on the clustering of their integrins to the

substrate to induce spreading and adhesion by activating

focal adhesion kinase and other small Rho GTPases, in-

cluding Rho.38

Matrix assembly can be modulated using ANC size,

ligand density, and mobility

Our studies have demonstrated that, at the highest ligand

concentrations, larger ligand-ANCs (>100 nm) promoted

matrix assembly better than smaller ligand-ANCs and

ligand-adsorbed substrates. Morphologically, fibroblasts ap-

peared elongated and contracted on the larger-sized ligand-

ANCs and were proximally located to each other, which is

ideal for fibroblast-associated fibronectin fibrillogenesis.25

Cells on smaller ligand-ANCs appeared well spread but were

not as contracted. Time-lapse studies demonstrated slower

cell spreading on small ANCs than on larger ligand-ANCs.
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By 48 h, although cells on smaller ANCs appeared elon-

gated and contracted, no appreciable matrix assembly was

observed. However, cells on larger carriers produced even

greater amounts of matrix. Theoretically, although matrix

assembly experiments were conducted on substrates with

equal net ligand coverage in the well, the actual coverage on

the individual carrier could be different for each carrier, and

this could be a factor in the lower levels of matrix assem-

bly on smaller carriers. To address this possibility, we also

functionalized smaller ANCs with larger concentrations of

ligand, so the net ligand coverage on these carriers would be

equivalent to the per-carrier loading on 100-nm carriers.

Even with greater ligand coverage on smaller carriers, ma-

trix assembly did not ensue (data not shown), suggesting

that, although ligand concentration is an important factor,

carrier size has a ‘‘multiplier’’ effect on matrix assembly.

These matrix assembly studies with equal amounts of li-

gand on differentially sized ANCs suggest that not just the

nanoscale presentation of the ligand and ligand density, but

also the size of the ANC can modulate cell-binding events

and subsequent cell function. Cell attachment studies have

showed that cell adhesion to larger ANCs was greater than

that observed on smaller ANCs at all levels of ligand loading

examined. Reports by our group and others affirm that cell

attachment to ligands presented on substrates that promote

integrin clustering also enhances cell attachment and adhe-

sion strength.29,30,39 When adhered, these cells produce and

deposit fibronectin into the extracellular matrix.40

Because the cells could sequester our ligand-ANCs, we

indirectly examined whether the mobility of ligand-ANCs

was playing a role in matrix assembly. We immobilized

ligand-ANCs on glass surfaces using oxygen plasma treat-

ment as a control surface.34 Our data showed that we needed

to use a lower bulk concentration of ligand on immobilized

substrates to obtain the same ligand density attained on

passively adsorbed substrates, which was consistent with

the literature.41 Relatively equivalent exposure of the cell-

binding domain of the fibronectin fragment ligand was ob-

served on passively adsorbed and immobilized substrates

(data not shown). The limited matrix assembly elicited on

immobilized substrates indicated that it is likely that ligand-

ANC mobility is a critical requirement for induction of

matrix assembly.

Variably sized ANCs parallel substrates

with varying degrees of compliance

We hypothesized that carrier size influenced fibroblast-

mediated matrix assembly on various-sized ligand-ANCs

because of different degrees of mobility, effectively acting

similarly to varying degrees of substrate compliance that

cause altered levels of cytoskeletal tension. Functionalized

nanoscale carrier substrates offer an advantage by permitting

greater ligand mobility,42 which mimics the extracellular

matrix features in vivo.43 Previous studies have reported that

the compliance of the dimensionality and rigidity of the

substrate can govern fibroblast matrix assembly.27,44 In the

present work, we detected less movement of larger carri-

ers than of smaller carriers with equal amounts of ligand.

Thus, we posit that the cells generate intracellular forces to

overcome the greater inertial mass and the increased fric-

tional forces of the carrier with the underlying substrates,

both entities being functions of the volume (or size) of the

carrier.

Depending on the resistance offered by the nanocarrier-

based substrate, the increase in cellular contractile force due

to the mass of the nanocarriers can generate tension in the

cytoskeleton in a manner that, for a specified ligand density,

is dependent on the size of the nanocarrier. Similar to cells

on stiff gels, this increase in cytoskeletal tension would in-

duce earlier spreading by fibroblasts cultured on larger car-

riers.45–47 Alternatively, when fibroblasts are cultured on

smaller carriers, which we parallel to compliant substrates,

the force required tomove the carriers is less, and the carriers

are easier for the fibroblasts to sequester. Because less ten-

sion is generated in the cell, the traction necessary to initially

spread is not provided, delaying cell spreading and subse-

quent changes necessary for matrix assembly. There are

some nonspecific adhesive forces between the glass sub-

strate and the nanocarriers that the cell needs to overcome to

translocate ligand-nanocarriers, but the inertial mass of the

nanocarrier plays a greater role in mediating matrix assem-

bly. Control studies in which ligand-functionalized nano-

carriers were medium presented instead of adsorbed on the

glass further support this; if nanocarrier size alone mediated

matrix assembly, then there would have been matrix as-

sembly in this presentation method. Our system permits

matrix assembly due to substrate-based tractional forces as a

function of nanocarrier size, but the nanoscale organization

of the ligand is also playing a role in matrix assembly by

potentially permitting necessary integrin clustering that is

normally achieved in a three-dimensional system found

in vivo. Because matrix assembly did not occur on nano-

carrier-deficient ligand-adsorbed substrates as well as sub-

strates with smaller nanocarriers, integrin clustering should

also be recognized as a plausible mediator of matrix as-

sembly on these substrates.

Our studies using atomic force microscopy further sup-

port the notion that nanocarrier size scale may sensitively

influence the development of cell traction forces needed to

mobilize the carriers. In these studies, we let cantilever-

adsorbed ligand-ANCs of different sizes adhere to individ-

ual cells and then measured the forces required to mobilize

them from the cantilever tip. These studies indicated that the

detachment forces between the cell and the ligand-ANC–

adsorbed cantilever were significantly greater for larger

ANCs in contact with fibroblasts than smaller ones. We

believe that the ‘‘snap-off’’ forces reflect the detachment of

the ligand-ANC from the tip as opposed to detachment of the

ligand-ANC from the cell. The latter requires far greater

forces (*500 nN), as reported by others,48 than those that

we report. Furthermore, using in situ immunocytochemistry,
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we estimated that the ligand coverage on the tip of the can-

tilever for different-sized carriers was fairly comparable

(data not shown), indicating that ANC size, and not ligand

concentration, was a key determinant of the cell detachment

forces.

Working model for matrix assembly

on ligand-ANC substrates

We offer a simple working molecular model that cap-

tures the observations of our study within the context of

the emerging literature on cell-mediated matrix assembly

(Fig. 5). In vivo, extracellular matrix components are highly

elastic and undergo continual movement in response to cell–

matrix interactions,49 and cellular responses to mechanical

signals can occur in seconds to minutes.50 Similar to the

in vivo situation, by engineering a system to present a trun-

cated fragment of fibronectin that strategically promotes the

binding of the a5b1 integrin in a manner that allows inte-

grin clustering, we allow cytoskeletal tension51 and actin-

dependent translocation of integrins involved in matrix

assembly.52 Upon ligation of this integrin to this region of

fibronectin, Rho is activated,53 which assists in the forma-

tion of stress fibers and contraction of the cell. When the

a5b1 integrin binds to soluble fibronectin, it translocates

across stress fibers and transmits cytoskeletal-generated

tension to the fibronectin,54 which stretches the fibronectin

molecule to expose cryptic sites necessary for matrix as-

sembly.55 Other ligands that affect early binding events or

act synergistically could be similarly incorporated. Mobile

nanoscale carriers also promote cell contraction and subse-

quent matrix assembly, and ligand density and carrier size

can be tuned to optimize cell-binding events, beginning with

cell spreading and ending with the specific desired pheno-

typic behavior. Although the proposed system uses an in-

terface that has mobile nanocarriers on glass, our system is

relevant to tissue engineering because it offers an under-

standing of a mechanism to drive matrix assembly with a

substrate-based approach over a biochemical method. A

novel feature of our system is that matrix assembly can still

occur in an environment in which soluble fibronectin is not

readily available. The use of mobile nanocarriers appears

FIG. 5. Proposed mechanism of enhanced matrix assembly. When fibroblasts were cultured on dynamic interfaces, such as ligand–

albumin-derived nanocarriers (ANCs), the ligand density and nanocarrier geometry mediated matrix assembly. Larger nanocarriers were

difficult to sequester because of greater mass inertia, greater frictional forces, and greater resistance to displacement through fluid medium.

As the cell attempts to move the carrier, tension is generated in the cell, which could lead to activation of Rho. Tension induced fibroblast

contraction and formation of stress fibers, which allowed a5b1 that was bound to soluble fibronectin to translocate across the stress fibers
and elongate the molecule of fibronectin, exposing otherwise encrypted domains of fibronectin and permitting other fibronectin molecules

to bind to it to create fibrils.
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to promote synthesis and secretion of soluble fibronectin,

which can be exploited as a basis to engender active matrix

assembly in wound environments of the skin as well in three-

dimensional tissue-engineering scaffolds.
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